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pither metal ions, H 20 2 , t-butyl hydroperoxide (tBHP), or 
cumene hydroperoxide (CHP) was added to the medium of 
cultured human keratinocytes, and the activities of key perox-
ide-metabolizing enzymes were examined in a sonicated cell 
supernatant from the treated cells. 200 ,uM F~: + 200 ,uM 
pe+++- was without effect on any enzyme aCt1Vlty. 700 flM 
CHP or tBHP decreased glutathione (GSH) peroxidase activ-
ity by 90% after 5 h and by 100% at 20 h, even if the CHP or 
tBHP was removed from the media after 90 min. HzO z at 
700 ,uM caused a brief 17% decrease in activity, which was 
followed by complete recovery. GSH peroxidase was found 
to be rapidly inactivated in vitro by CHP, but the enzyme was 
also inactivated at 3rc even in the absence of CHP. GSH 
prevented both types o~ inactivation. Consiste!lt with ~hi~ in 
vitro data, in vivo depletIOn of the GSH pool wlth buthlOnme 
sulfoximine led to lower levels of GSH peroxidase and in-
G lutathione (GSH) has been shown to be a primary component of the antioxidant defense system of most tissues [1 -4]. The capacity of gl utathione to prevent oxidative damage is related to its ability to directly react with free radicals in a chain-breaking 
reaction, directly reduce disulfides, serve as a cofactor for glutathi-
one peroxidase, and serve as a cofactor for DNA repair (see [3,5]) . 
An additional enzyme involved in the successful functioning of the 
GSH pathway is glutathione reductase, which catalyzes the regener-
ation of GSH from the oxidized glutathione (GSSG) formed by the 
above-mentioned pathways. Glucose-6-phosphate dehydrogenase 
(G6PDH) and cytoplasmic isocit~ate dehydrogenase a.re the en-
zymes most responsible for ~enerat1l1g the ~ADPH reqUIred ~or the 
glutathione reductase reactIOn [6,7J. GS~ IS also co.ns~m~d 111 the 
reaction catalyzed by GSH-transferase; thiS reaction IS slgruficant as 
it represents an important detoxifying system for certain oxidation-
generated electrophiles [8) . Further, the alpha forms of glutathione 
S-transferase have organic peroxidase activity [9]. 
All the components of the GSH pathwa~ ha.ve been found in both 
the dennis and the epidermis as well as tn Isolated keratinocytes 
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creased sensitivity to peroxide-induced inactivation. Neither 
GSH reductase nor GSH S-transferase were inactivated by 
any treatment although CHP did cause a small increase in the 
activity of the latter, which was not due to induction. The 
activity of glucose-6-phosphate dehydrogenase was de-
creased 50% following treatment for 5 h with 700 11M CHP 
or tBHP, whereas HzO z treatment caused a brief 15% de-
cline, followed by recovery. The effects of peroxides were 
not altered by changing the concentration of Ca++ in the 
media. Catalase was unaffected by concentrations of peroxide 
up to 700 ,uM. Inhibition of catalase with aminotriazole 
slightly enhanced the toxicity of700,um H 20 2 . In summary, 
organic hydroperoxides at relatively low concentrations in-
activate key enzymes of the glutathione pathway, but hydro-
gen peroxide does not.] Ir1lJest DermatoI100:829-833, 1993 
[4,10-14). There are, however, major differences in levels of these 
components between dermis aJld epidermis [10,11]. This indicates 
that studies of oxidant-induced stress in skin need to selectively 
study the GSH pathway in both epidermis and dermis. 
The glutathione system in skin has been shown to be affected by 
treatment with UV light [10 -12) and tumor promoters (15). The 
primary response to these treatments is a net oxidation of GSH to 
GSSG and depletion of total glutathione. However, the effects of 
other forms of oxidative stress on the glutathione system in skin 
have not been investigated. Exogenous peroxides are known to di-
rectly induce an oxidant stress in a number of tissue (cf. [3]) and 
indeed a number of diacylperoxides and hydroperoxides used in the 
chemical and J:>harmaceutical industries are known to cause epider-
mal hyperplaSia and tumor promotion (16). In addition, hydroper-
oxides are formed in the cell in response to oxidant-induced stress 
[17). We have used cultured human keratinocytes to study the effect 
of peroxides on the epidermis and found that organic hydroperox-
ides are far more toxic than hydrogen peroxide [18]. In an effort to 
explain the unexpected toxicity of organic hydroperoxides, we have 
studied the effect of peroxide treatment on the activity of enzymes 
responsible for the detoxification of organic hydroperoxides. 
MATERIALS AND METHODS 
3-amino-1,2,4-triazole, benzoyl peroxide , DL-buthionine-[S,R]-
sulfoximine (BSO), t-butyl hydroperoxide, cumene hydroperoxide, 
1-chloro-2,4-dinitrobenzene (CDNB), N-ethylmaleimide, GSH, 
glutathione reductase, hydrogen peroxide, nicotinamide adenine 
dinucleotide (NADP), and NADPH were obtained from Sigma, St. 
Louis, MO. 
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Table I. Effect of Treatment of Keratinocytes with Peroxides 
on the Activity of Antioxidant Enzymes' 
Treatment Incubation Time GSH Pxase GSH Red G6PDH 
Untreated 100± 4 100 ± 7 100 ± 1 
H20 2 15 min 83 ± 8 NDb 87 ± 11 
1 h 86±9 106±5 85 ± 10 
2 hr 98±2 107 ± 4 92±6 
5h 101 ± 2 109 ± 1 ND 
CHP 15 min 89±8 111±3 81 ± 5 
1 h 44±9 93±6 75 ± 8 
2h 22± 3 121 ± 4 60 ± 21 
5 h 1 ± 1 108 ± 9 52 ± 10 
tBHP 15 min 80 ± 1 106 ± 5 90±6 
1 h 41 ± 3 98 ±2 83 ± 8 
2h 20 ± 2 109 ± 9 63 ± 21 
5h 9±6 109 ± 2 80 ± 13 
• Cultured human keratinocytes were grown to 95% conRuence. Hydrogen perox-
ide, CHP, or tBHP was added to the culture media at a concentration of700 ).lM. At the 
indicated times, the cells were collected and the sonication supernatants isolated for the 
determination of the activity of GSH peroxidase (GSH Pxase), GSH reductase (GSH 
Red), glucose-6-phosphate dehydrogenase (G6POH). Activity is expressed as percent 
of the activity in untreated cells (mean ± SO). 
o NO, not determined. 
Human keratinocytes were cultured in Keratinocyte Growth 
Media (Clonetics, San Diego, CA) supplemented with CA++ as 
indicated [14]. Peroxides were added to the culture media from 
ethanol stock solutions. The concentration of ethanol in the media 
never exceeded 0.1 %. After treatment, cells were washed with sa-
line and then harvested from the culture plate by scraping with a 
razor blade and then rinsing with 0.25 M sucrose. The cells were 
then ruptured by sonication and centrifuged at 100,000 X g for 60 
min. This "sonication supernatant" fraction was used for all enzyme 
assays. It should be noted that this is not a classical soluble cell 
fraction because the sonication procedure releases the contents of 
peroxisomes, nucleii, and mitochondria. Thus, it is the total of all 
soluble cellular components. 
GSH-transferase activity toward CDNB was determined as de-
scribed previously [14] . Selenium-dependent GSH peroxidase activ-
ity was assayed by the method of Flohe and Gunzler [19] using 
0.15 mM H 20 2 as substrate. Non - selenium-dependent GSH per-
oxidase activity resides with the alpha class of GSH transferases, 
which are not present in keratinocytes [14] . GSH reductase was 
assayed by the method of Zanetti [20], and glucose 6-rhosphate 
dehydrogenase by the method of Lohr and Waller [21 . Catalase 
activity was followed by measuring the disappearance of the hydro-
gen peroxide absorbance at 240 nm in an assay containing 15 mM 
hydrogen peroxide. Isocitrate dehydrogenase activity was assayed 
by the method of Cleland et al [22]. Protein was determined by the 
Bradford method [23] . 
RESULTS 
Human keratinocytes, which had been grown to approximately 
95% of confluence in media containing 0.07 mM Ca++, were 
treated with various oxidizing agents. The cells were then collected 
and the sonication supernatants prepared and used for analysis of the 
enzymes of the GSH pathway. The following compounds were 
tested individually for their effects on cells: 200,uM Fe++ + 
200,uM Fe+++, 700,uM HP2' 700,uM tBHP, 700,uM CHP. The 
data in Table I reveal that treatment with the organic hydroperox-
ides CHP or tBHP led to a large decrease in GSH peroxidase activity 
with no effect on GSH reductase. The inhibition of the GSH perox-
idase was not due to the accumulation in the sonication supernatant 
of an inhibitor as extensive dialysis did not lead to recovery of 
activity. Incubation of the sonication supernatant with 40 mM 
GSH also did not lead to recovery of activity. Treatment ofkeratino-
cytes with 700 ,uM H20 2 (Table I) lead to a small decrease in GSH 
peroxidase activity. However, this decrease in activity was rapidly 
and fully reversed. Treatment of cells with either 200 ,uM Fe++ + 
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Table II. Concentration Dependence of the Effect of Organic 
Hydroperoxides on GSH Peroxidase Activity' 
Length of Treatment 
Treatment 20 min 80 min 3h 
Control 100 ± 3 100 100 
tBHP (50 J1M) 98 ± 1 93 ±4 102 ± 1 
tBHP (200 J1M) 85 ± 5 81 ±3 85 ± 2 
tBHP (700 J1M) 71 ± 4 23 ± 1 4±1 
CHP (50J1M) 94 ± 3 95 ± 1 101 ± 1 
CHP (200 J1M) 80± 4 72 ± 1 91 ± 1 
CHP (700 J1M) 69 ± 1 26 ± 3 4±O 
H20 2 (700 J1M) 73 ± 4 68 ± 2 92± 1 
H20 2 (2 mM) 81 ± 2 64 ± 1 73 ± 1 
• Cultured human keratinocytes were grown to 95% confluence. CHP or tBHP was 
added to the culture media at the indicated concentrations. Cells were recovered for 
analysis at the indicated times. The sonication supernatants were isolated and assayed for 
glutathione peroxidase. Activity is expressed as percent of the activity in untreated cells 
(mean ± SO). 
200,uM Fe+++ or 200,uM Fe++ /5 mM ascorbate had no effect on 
the activity of any of the three enzymes although treatment of cells 
with 100 ,uM Cu++ pi us 5 mM ascorbate led to 70% inactivation of 
the GSH peroxidase over 3 h (data not shown). 
The effect of treatment of cells with different concentrations of 
peroxides on the activity of GSH peroxidase is shown in Table II. 
There is a threshold concentration for the organic hydroperoxides 
and below this concentration the peroxides have only a limited 
effect on activity, and the decreases are largely reversible. At con-
centrations above this threshold (700 ,uM), the peroxides produce a 
steady decline in enzyme activity that ultimately (complete data not 
shown) goes to zero. H 20 2 treatment led to a decrease in glutathi-
one peroxidase activity, but the effect was limited as compared to 
~qual concentrations o~ the organic hydroperoxides. Benzoyl perox-
Ide was also tested but IS so extremely lIlsolubie that doses sufficient 
to decrease glutathione peroxidase activity could not be attained. 
We wanted to determine if CHP was a direct inhibitor of the 
GSH peroxidase. Therefore, a keratinocyte sonication supernatant 
was incubated in vitro with CHP. However, we found that the GSH 
peroxidase activity of the soluble cell fraction was unstable at 30 °C. 
Activity decreased by 75% over 1 h of incubation. When CHP was 
added, activity decreased over 90%. GSH prevented the loss of 
activity in both the control incubation and in the presence of CHP. 
However, GSH added after 1 h of incubation did not reverse either 
inactivation. Incubation of the enzyme with 50 ,uM CHP or tBHP 
for just 5 min resulted in a 30 to 40% inactivation that was slowly 
reversed over 5 min of incubation in the presence of GSH. The 
addition of Cu++ /ascorbate also led to inactivation of the enzyme. 
Table I also shows that treatment with 700 ,uM CHP or tBHP led 
to a 40 - 50% decrease in glucose-6-phosphate dehydrogenase 
(G6PDH) activity over 2 h. H 20 2 had less effect on the activity of 
the enzyme as compared to CHP and tBHP, and it did not get more 
severe with time. The decreases in G6PDH activity approximately 
parallel those seen for GSH peroxidase, although the extent ofinac-
tivation is less. The activity of isocitrate dehydrogenase was low 
(approximately 40-50% of that of G6PDH) and was not affected 
by peroxide treatment (data not shown). 
The specific activity of catalase in the sonication supernatant 
from keratinocytes was approximately 4.5 ,umoles/min/mg pro-
tein. This activity was not significantly affected by concentrations 
of CHP, tBHP, or H 20 2 up to 700 ,uM. Catalase activity could be 
inhibited by treating cells with aminotriazole in the presence of 
H 20 2. Because aminotriazole is an irreversible, mechanism-based 
inhibitor [3], its inhibition is not instantaneous and requires the 
simultaneous presence of H 20 2. When keratinocytes were pre-
treated for 5 min with 20 mM aminotriazole followed by the addi-
tion of 200 ,uM H 20 2 , catalase activity decreased by 45% over the 
following 10 min and had decreased by 60% after 60 min. The 
extent of inactivation of GSH peroxidase and G6PDH in these 
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Table III. Effect on Glutathione Peroxidase Activity of Long-
Term Treatment of Keratinocytes with CHP" 
r----------~~----------------~-------------------
Activity 
r--------------------------------------------------------100 ± 6 Control 
CHP (20 min) 
CHP (20 min/wash-out 20 h) 
CHP (90 min) 
CHP (90 min/wash-out 60 min) 
CHP (90 min/wash-out 3 h) 
CHP (90 min/wash-out 20 h) 
79 ± 1 
90± 9 
22± 3 
27 ±2 
25 ±4 
o 
--: Confluent cultures ofkeratinocytes were treated with 700 11M CHP as indicated. At 
he end of 90 min of treatment, the remaining cells were changed to media devoid of ~HP and the cells followed for an additional 20 h. Cells were analyzed for soluble 
fraction GSH peroxidase activity. Activity is expressed as percent of the control and data 
is presented as the mean value ± SO. 
arninotriazole-treated cells was identical. to .that obtained by 
ZOO /-lM H 20 2 in cells not treated with ammotnazole. At 700 J.!-M 
HzOz, aminotriazole inhibition wa~ more complete: rea~hlllg 
1000/0 by 60 min. At this concentration of l?-zOZ? an::llllotnazole 
inhibition did slightly enhance the extent of 1I1actlvatlOll of GSH 
peroxidase. 
Long-term studies were conducted on cells that had been treated 
with 700 11M CHP for 20 to 90 min and then switched to media 
that did not contain CHP (Table III). It should be noted that even 
after 90 min of treatment, the level of CHP in the media is still 
approximately 400 to 500 11M. ~or cells exposed to 700 11M CHP or 
tBHP for 90 min and then sWitched to unadulterated media, the 
GSH peroxidase and G6PDH activitie.s never recover:nd the cells 
usually die within 24 h . GSH perOXidase activity dl~, ~owever, 
survive 20 min of CHP treatment. Because these studies mvolved 
removing the peroxide-containing media and replacing it with 
fresh media, they also reveal that cell death was not due to the 
accumulation in the media of toxins that lea~ to cell ~eath. For 
treatment with 700 ,uM H 20 Z' there was no difference m any pa-
rameter when HzOz was removed after 90 min by media replace-
ment as compared to leaving the cells in the same media. 
It has been generally not~d that the me~abolic activity of cultured 
keratinocytes begins to decline after 24 h 111 the same media and that 
for optimum growth the m~dia. should be changed every 48. h. 
Thus, if the toxicity of perOXides IS affecte~ by the metaboltc activ-
ity of the cells, then ~he response to peroXide treat~ent should be 
altered in media that IS 48 h old. In all of the expenments reported 
above, vve always changed the cells to fresh media 1 h prior to the 
experiment. Table IV contrasts. the effects of 700,uM H Z0 2 on 
confluent cells growing 111 media that was 48 hold (nutnent de-
pleted) as opposed to cells in fresh media. The GSH peroxidase 
Table IV. Effect of Replacement of Nutrient-Depleted Cell 
Culture Media on the Inactivation of Glutathione Peroxidase 
by Hydrogen Peroxide" 
Media 
48 hold 
Fresh 
Time of Treatment (min) 
o 
15 
45 
90 
o 
15 
45 
90 
GSH Peroxidase Activity 
100 ± 14 
58 ± 1 
31 ± 5 
24± 3 
100 ± 9 
79 ± 15 
60 ± 11 
73 ± 9 
• Keratinocytes were grown in culture to 85% of c~nflue~ce and then changed to 
fresb media. The cells were maintained for 48 h on thIS medIa (nutnent depleted) and 
then half of the cells were changed to fresh media 1 h prior to treatment. Hydrogen 
peroxide was then added at a concentration of 0.7 mM to the medl.of all cells. At tbe 
indicated times, the cells were collected .nd the soluble cell fractIons prepared and 
assayed for GSH peroxidase activity. Activity is expressed as percent of the activity of 
the untreated control and data is presented as [he mean value ± SO. 
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Figure 1. Effect of cumene hydroperoxide and hydrogen peroxide on the 
glutathione peroxidase activity of control and buthionine sulfoximine-
treated keratinocytes. Keratinocytes were grown to confluence and then 
BSO was added at a concentration of 4 mM to the media of half of the cells. 
After 20 h, all cells, both BSO-treated and untreated controls, received fresh 
media containing 0.2 111M of either CHP or hydrogen peroxide. After the 
indicated incubation time in peroxide-containing media, the cells were har-
vested and the sonication supernatants prepared and assayed as discussed in 
Materials alld Methods. Glutathione peroxidase activity is expressed as nmoles 
of GSSG formed per min per mg of soluble fraction protein. CHP in BSO-
treated cells (11-----11), CHP in control cells ( ______ ), H 20 2 in BSO-
treated cells (0----.0), H20 2 in control cel ls (0--0). 
activity of H 20 z-treated cells in fresh media decreased by 40% over 
45 min of treatment but then began to recover. However, cells in 
nutrient-depleted media experienced a 76% decrease in glutathione 
peroxidase activity with no sign of recovery over 90 min. Thus, an 
adequate level of nutrients is required for optimal functioning of the 
antioxidant defense system. 
The response of cells to toxic agents has frequently been found to 
be affected by the concentration of Ca++ in the growth media 
[24,25]. We examined the effect of Ca++ concentration in the media 
on the inactivation of GSH peroxidase by CHP. We studied cells 
that had been previously growing in the presence of 0.07 mM Ca++ 
and cells grown in 1.2 mM Ca++. Cells that had been grown in high 
Ca++ and cells that had been grown in low Ca++ responded the same 
to CHP treatment and it did not matter if the concentration of Ca++ 
in the media at the time of treatment was 0.07 mM or 1.2 roM in 
low Ca++. 
The role of GSH in stabilizing GSH peroxidase and G6PDH 
against inactivation itl vivo was examined by depleting the keratino-
cytes of GSH. GSH levels were decreased by inhibiting its syntheSIS 
with the inhibitor BSO. Treatment with 4 mM BSO for 20 h lead 
to a 90% decrease in the level of GSH; GSSG became unmeasurable. 
There was no loss of trypan blue exclusion in BSO-treated cells nor 
was G6PDH activity lower. However, GSH peroxidase activity was 
decreased. The data in Fig 1 indicate an approximately 20% de-
crease in activity (by comparison of time points at 0 min of treat-
ment). It should be noted that in other experiments activity has been 
decreased by as much as 40% by GSH depletion. Further, GSH 
peroxidase activity in BSO-treated keratinocytes decreased more 
severely with CHP treatment as compared to control keratinocytes. 
The same was true for H 20 2 treatment (Fig 1). Depletion of GSH ~o 
the extent of 50% can also be accomplished by treatment for 1.0 m1l1 
with 0.3 mM CDNB. In cel ls treated with CDNB for 10 m1l1 and 
then switched to fresh media for 2 h, the activity of GSH peroxidase 
decreased by 80 to 100% whereas the activity of G6PDH decreased 
by 50 to 80% and the activity of GSH reductase was decreased by 
50%. 
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Figure 2. Time course of the increase in glutathione S-transferase activity 
produced by CHP treatment. CHP was added at a concentration of700 11M 
to the media of cultured human keratinocytes. After the indicated incubation 
periods, cells were collected and the sonication supernatant prepared. The 
glutathione S-transferase activity of the sonication supernatant was deter-
mined as described in Materials and Methods, and is expressed as activity 
relative to that of untreated control cells. Error bars, SD. 
In contrast to all the other enzymes of the glutathione system, the 
activity of GSH-transferase was found to increase upon treatment 
with CHP. Attempts at optimization of this increase revealed a 
maximum increase in activity of 40%, which was noted after treat-
ment for 5 h with 700 f1M CHP (Fig 2). Higher concentrations of 
CHP did not produce higher levels and rapidly killed the cells. This 
40% increase in activity was unaffected by the addition to the media 
of cycloheximide, a protein synthesis inhibitor, at a concentration (2 
mg/ml) that caused a 70% inhibition of protein synthesis. 
DISCUSSION 
Keratinocytes are resistant to fairly high concentrations (2 mM) of 
H 20 2 [18]. This is no doubt due to the presence of adequate levels of 
GSH peroxidase, GSH reductase, GSH, and catalase. Also important 
are the enzymes G6POH and isocitrate dehydrogenase, which are 
responsible for regenerating NAOPH for the reductase reaction. 
Both are present in keratinocytes, with the activity of isocitrate 
dehydrogenase being lower than that for G6POH. Thus G6POH 
would appear to be more important for NAOPH regeneration in 
keratinocytes and this is consistent with previous work that demon-
strated the importance of the pentose phosphate shunt in skin [26]. 
However, this is unlike the situation in the liver where isocitrate 
dehydrogenase activity is higher [6,7] . 
Organic hydroperoxides are not as well tolerated as H 20 2 • Treat-
ment of cultured human keratinocytes with 0.7 mM of either CHP 
or tBHP leads to cell death within 24 h [18] . One reason for the 
higher toxicity of organic hydroperoxides as compared to H 20 2 
may be related to the fact that the organic hydro peroxides are more 
slowly metabolized by keratinocytes [18]. Because H 20 2 and or-
ganic hydroperoxides are metabolized at about the same rate by 
glutathione peroxidase and because inhibition of catalase does not 
result in H 20 2 being as toxic as organic hydroperoxides, there must 
be other contributing factors. One factor was hypothesized to be the 
non-polar nature of the organic hydroperoxides [18], which may 
result in their being sequestered away from the GSH peroxidase 
and/or having greater access to critical targets. However, it is addi-
tionally clear that organic hydroperoxides compromise the oxidant 
suppression system of the cells by inhibiting key enzymes. Treat-
ment of keratinocytes for 2 h with 700 11M of tBHP or CHP de-
creased the activity of glutathione peroxidase by 80% and the activ-
ity of G6POH by up to 40%. Longer time periods lead to complete 
inhibition of both activities by the time of cell death. By contrast, 
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700 11m H 20 2 had no significant effect on G6POH activity and 
only a minor effect on GSH peroxidase activity. The lack of a severe 
effect on GSH peroxidase appears to be due to the rapid metabolism 
ofH20 2 · At short time points, the effect ofH20 2 is almost the same 
as for CHP or tBHP, but rather than getting worse with extended 
time, activity recovers as the H 20 2 is rapidly detoxified. 
It may be that the difference between the half-lifes of H 20 2 and 
CHP is related to the inhibition of G6POH by the latter. This 
inhibition may block the supply of NAOPH needed to recycle 
GSSG back to GSH, and thus decrease the GSH level. Indeed, we 
have found that although H 20 2 causes an abrupt and severe oxida-
tion of GSH to GSSG, this effect is rapidly reversed [18]. By con-
trast, CHP and tBHP cause a more protracted decrease in the GSH/ 
GSSG ratio [18] and, because GSH reductase activity is unaffected, it 
suggests that organic hydroperoxides reduce the supply of 
NAOPH. The lower level of GSH in CHP treated cells would both 
interfere with the GSH-dependent stabilization of GSH peroxidase 
and also slow the rate of metabolism by GSH peroxidase. The half-
life for the metabolism of the organic hydroperoxides would be 
increased allowing them to persist and have a greater effect on the 
peroxidase, and other cellular targets. The end result is an amplify-
ing effect in which organic peroxides suppress the GSH system that 
is designed to protect the cells from them. This seems an unfortu-
nate flaw in the antioxidant system. 
The basis for the peroxide-dependent decrease in GSH peroxidase 
activity is probably related to a direct effect on the enzyme. Thus, ill 
vitro studies revealed that treatment of the soluble cell fraction from 
keratinocytes with CHP can directly inactivate GSH peroxidase 
activity. The enzyme initially went to a reversibly inactivated form 
and then with time to an irreversibly inactivated form. We found 
that the addition of GSH was required for reversal of the former and 
that GSH could prevent but not reverse the long-term effect. Thus 
the irreversible effect of CHP on GSH peroxidase irl vivo may reflect 
the fact that it both decreases the cellular level of GSH [18] and 
reacts directly with the enzyme in the absence of adequate levels of 
GSH because the decreased activity resulting from CHP treatment 
of cells was of the irreversible variety, being insensitive to reactiva-
tion by treatment of sonication supernatants with any thio!. The 
reversible and irreversible inactivations ofkeratinocyte GSH perox-
idase by CHP are in agreement with data obtained with a partially 
purified GSH peroxidase from rat liver [27,28]. However, these 
latter studies found that the purified enzyme is basically very stable 
at 37° C. We have found that the enzyme is unstable in keratinocyte 
sonication supernatants when they are incubated at 30 °C, unless of 
course exogenous GSH is added. The basis for this difference is not 
known. 
The fact that GSH stabilizes GSH peroxidase against inactivation 
provides an explanation for the finding that GSH-depleting agents 
decrease the GSH peroxidase activity ofkeratinocytes. Treatment of 
keratinocytes with BSO led to a 90% decrease in the cellular level of 
GSH and resulted in a 20% decrease in GSH peroxidase activity. 
The use of the reactive e1ectrophilic compound CONB to deplete 
the cell of GSH resulted in a complete inactivation of GSH peroxi-
dase. Because GSH depletion was less extensive than with BSO 
treatment, the complete inactivation must reflect a direct effect of 
CONB or its metabolite on the enzyme. CONB treatment also led 
to a partial inactivation of GSH reductase. It is known from irl vitro 
studies that there are two factors that are known to cause a decrease 
in reductase activity; a reversible inhibition of the enzyme by the 
GSH conjugate of CONB and an irreversible inactivation of the 
enzyme by CONB [29]. 
Surprisingly, the activity of the enzyme GSH-transferase was 
increased upon treatment of keratinocytes with CHP. The extent of 
the increase was not large (approximately 40% at maximum). 
Treatment of soluble cell fraction ill vitro with CHP did not lead to 
increased activity. Because the ill vivo increase was noted even in 
cells in which protein synthesis was severely inhibited, it was con-
cluded not to be due to induction. It may be that CHP binds to the 
enzyme and stabilizes it against turnover. 
The basis for the toxicity of organic hydroperoxides is not known 
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but it does not appear to be related to their effects on GSH peroxi-
dase. "We have found that treating ketat1l1ocytes with a known 
inhibitor of GSH peroxidase does not generate a toxic response as 
judged by trypan blue exclusion (Lee and Vesse~, unp.ubl.ished ob-
servations). Thus, the inhibition of GSH peroxidase IS significant 
only in that it allows the organic hydroperoxides to persist longer 
and therefore have greater opportunity to undergo deleterious reac-
tions. The significance of the inhibition of G6PDH is currently 
under investigation. 
In conclusion, we have found that treatment of cultured human 
keratinocytes with organic hydroperoxides or the e1ectrophilic 
toxin CDNB results in the inactivation of key enzymes involved in 
the gl utathione antioxidant system of th.e cell. Co-administration of 
these agents along with other oxidants IS expected to lead to syner~ 
gistic interactions. H20 2 on the other hand was only minimally 
toxic to components of the antioxidant system. 
Th is work \Vas supported by a graut fro/ll the Natiouallustitutes of Health (AR-
39448) . 
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